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Fossil amber offers the unique opportunity of investigating an amorphous material which has been
exploring its energy landscape for more than 110 Myears of natural aging. By applying different x-ray
scattering methods to amber before and after annealing the sample to erase its thermal history, we
identify a link between the potential energy landscape and the structural and vibrational properties
of glasses. We find that hyperaging induces a depletion of the vibrational density of states in the THz
region, also ruling the sound dispersion and attenuation properties of the corresponding acoustic
waves. Critically, this is accompanied by a densification with structural implications different in
nature from that caused by hydrostatic compression. Our results, rationalized within the framework
of fluctuating elasticity theory, reveal how upon approaching the bottom of the potential energy
landscape (9% decrease in the fictive temperature Tf ) the elastic matrix becomes increasingly less
disordered (6%) and longer-range correlated (22%).
Glasses are metastable systems whose microscopic
properties vary depending on their thermal history and
aging. The way their structure and dynamics relate to
thermodynamic metastability is one of the current chal-
lenges for the glass transition understanding. From the
experimental point of view, one of the major hurdles
is the limited stability range normally accessible on the
laboratory timescale. The glassy state is conventionally
obtained by cooling the liquid below the melting point,
avoiding its crystallization. The slower is the cooling
rate, the lower is the energy of the basins (inherent struc-
tures) of the potential energy landscape [1, 2] in which
the system gets trapped. The stability range covered
by tuning the cooling rate is however limited: upwards
by thermal conductivity and heating/cooling technology
(hyperquenched glasses), downwards by crystal nucle-
ation. Nevertheless, being metastable materials, glasses
spontaneously evolve towards states of lower configura-
tional energy and enthalpic content on a timescale dic-
tated by the relaxation time. Accordingly, the stabiliza-
tion process, or aging, becomes increasingly slow upon
lowering the temperature below the glass transition tem-
perature Tg.
Amber, a fossilized resin resulting from the chemical
vitrification [3] of conifers and angiosperms exudates,
represents a rare example of glass which has been aging
for a time as long as tens of million years (hyperaging) at
temperatures well below Tg, experiencing extreme ther-
modynamic stabilization [4–6]. Such a long-aging history
enables a unique opportunity to investigate how micro-
scopic properties depend on energy landscape topology.
Glasses are characterized, at the microscopic scale, by
the lack of long-range structural order and, at the macro-
scopic scale, by thermodynamical and transport proper-
ties strikingly different from those of the corresponding
crystalline phase. Among them, there are the thermal
conductivity plateau and a specific heat Cp(T ) excess
over the Debye value (∝ T 3) located around 10 K [7].
These universal anomalies can be traced back to an ex-
cess in the vibrational density of states (VDOS), over
the Debye model expectations (∝ E2), conventionally re-
ferred to as Boson peak (BP)[8]. Experimentally, the BP
of glasses has been intensively investigated by Raman
scattering [9–12], inelastic neutron scattering [13–15], in-
elastic x-ray scattering [16], nuclear inelastic scattering
[17] and it has been numerically calculated by molecular
dynamics simulations [18–21].
Here, we study the evolution of the vibrational proper-
ties of the amber glass upon aging, comparing a pristine
(pr) fossilized sample from El Soplao [22, 23], Spain, aged
for 110 Myears, with the corresponding ordinary glass
obtained by thermal annealing and subsequent standard
cooling, the annealed (an-) amber. Specifically, we com-
bine the VDOS measurements with experimental deter-
minations of the acoustic attenuation and phonon dis-
persion in the BP frequency region by means of two x-
ray scattering experiments performed at the European
Synchrotron Radiation Facility (ESRF): Inelastic X-ray
Scattering (IXS) [24, 25] at the beamline ID28 and In-
elastic X-ray scattering with Nuclear Resonance Analysis
(IXS-NRA) [26] at beamline ID18, both with very high
energy resolution (meV) .
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FIG. 1: Left: Specific heat measured by DSC of pristine (red
open dots) and annealed amber (black line). The devitrifica-
tion temperature increases with the stability, T = 447 K for
pristine amber, T = 428 K for the annealed. Corresponding
enthalpy curves and fictive temperatures are reported in the
Supporting Information; Right: X-ray diffraction pattern of
pristine (red open dots) and annealed amber (black line). The
intensity profile, I(Q), is normalized to the main peak.
The thermodynamical stability of the pristine amber
glass is characterized via differential scanning calorimetry
(DSC). The specific heat Cp dependence over tempera-
ture during a temperature upscan (at 10 K/min) is re-
ported in Fig.1. The prolonged aging of pristine amber is
testified by the presence of a prominent endothermic peak
in the specific-heat curve around the glass-transition into
supercooled liquid, which is accompanied by a strong en-
thalpy release (∆H ≈ 9 J g−1).
The ordinary amber glass is obtained by heating the
sample above Tg (T ≥ 423 K) for 3h to erase its thermal
history and then vitrifying it at the standard cooling rate
of 10 K/min. Such a treatment leads to a material with
significant enthalpy increase, quantified by a variation of
the enthalpic fictive temperature Tf , i.e. the temperature
at which the glass would be in equilibrium with its own
liquid[27]. Following the standard procedure detailed in
SI we found a fractional increase ∆Tf/Tf of about 9 %
from pristine (Tf=379 K) to annealed (Tf = 415 K) am-
ber, in line with previously reported experiments on El
Soplao amber [28, 29] and on other amber, testifying to
a substantial material ”rejuvenation”.
Having assessed the different stability degrees of pris-
tine and annealed amber, we investigated their structure
by wide angle x-ray diffraction at the beamline ID28 of
ESRF. The scattered intensity I(Q), proportional to the
static structure factor S(Q), is reported in Fig.1. Despite
the different thermodynamical stability, the two samples
share similar gross structural features, showing a main
peak centered at Qp ≈ 10 nm
−1 and two smaller, broader
peaks at Q
′
p ≈ 28 nm
−1 and Q
′′
p ≈ 52 nm
−1. Remark-
ably, the main peak of the pristine amber (which is a 2%
denser than the annealed amber [28]) can be relatively
scaled on top of the main peak of an-amber by applying
a 0.75% shrinking factor to the Q-axis.
This behaviour has to be contrasted with the linear de-
pendence of the first diffraction peak on density in com-
pressed tetrahedral glasses [30], traced back to a reduc-
tion of the intermediate range order and average size of
the network cages. The structural observation reported
here, therefore, is highly suggestive of a different way
(aging-induced) of achieving the densification.
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FIG. 2: Boson Peak of pristine (red open dots) and annealed
amber (black dots) at 30K measured by IXS-NRA. The two
BP are in excellent agreement after 11% horizontal and 26%
vertical scaling of the former (red dashed line). In the inset
the two (absolute) BP have been fitted with the Fluctuating
Elasticity Theory, which allows to quantify the distribution
and correlation length of the elastic matrix (see text).
The VDOS of the two samples was measured by means
of inelastic x-ray scattering with nuclear resonance anal-
ysis (IXS-NRA) [26] at the nuclear resonance beamline
[31] ID18 of ESRF. Experimental details are discussed in
SI.
The excess of vibrational density of states over the
Debye expectation g(E)/E2, i.e. the BP, is peaked at
about EBP = 1.5 meV, in good agreement with the
temperature-position of the broad maximum in the nor-
malized specific heat Cp/T
3 observed in pristine and an-
nealed amber at TBP ≈ 3.4 K [28]. According to the
direct correlation EBP = (4.5 − 5.0)kBTBP , based on a
number of different experimental data [32, 33], the BP
was expected at 1.3 - 1.5 meV, in excellent agreement
with IXS-NRA data of Fig.2. In order to compare the
VDOS of the two samples, we applied an horizontal and
a vertical scaling to the pristine measurement to best fit
the annealed curve. Remarkably, a very good overlap is
found by shrinking the horizontal axis by the 11% and
3expanding the vertical axis by the 26%, indicating that
in the pristine sample the BP is less pronounced, blue
shifted and broader. The observed dependence on sta-
bility follows the same trend reported for hyperquenched
glasses [34] and simulated on physical vapor deposited
(PVD) glasses [35]. The BP intensity depletion in pris-
tine amber is at ease with the 22% decrease of the low
temperature bump in Cp/T
3 [28], and it can not be ac-
counted for by a simple Debye ω−3D scaling (which would
imply only a 7.4% depletion). Previous works have re-
ported BP blueshift and intensity depletion after strong
pressure-induced densification [36, 37]. However, con-
trary to what we observe, the density increase doesn’t
necessarily imply the thermodynamical stabilization tes-
tified, here, by the Tf reduction of pristine amber.
Large experimental and theoretical efforts have been
devoted to the study of the connection of the BP with
the elastic properties of disordered media (although the
BP has been also related to the Van Hove singularities of
crystals [17]). For instance, the BP position has been cor-
related to the longitudinal [38] and transverse [20] Ioffe-
Regel limit, i.e. the condition met when the mean free
path of the corresponding sound waves equal the size of
their characteristic wavelengths. In the transverse case,
numerical simulations in 2D glass-forming systems sug-
gested that the BP height should scale with the inverse of
the shear modulus. This is not the case for amber, where
based on the available data on the sound velocity [29], we
would expect a BP reduction < 7%, well below the ex-
perimentally observed 22% (Cp)[28] or 26% (IXS-NRA).
The Soft-Potential Model (SPM) postulates the coexis-
tence of acoustic phonons and quasi-localized modes, the
latter being either low-energy tunneling two-level systems
or soft vibrational modes with g(E) ∝ E4 below the BP
energy[39, 40]. Extensions of the SPM[41, 42] attribute
the ubiquitous appearance of a maximum in the g(E)E2 or
BP, to the interaction among these quasi-localized modes
themselves and the acoustic modes. The SPM frame-
work has been successfully used to rationalize the low-
temperature glassy behavior below the BP temperature,
but it does not provide any quantitative prediction about
the BP temperature or frequency as to be checked in the
present study. For example, the SPM predicts that the
acoustic attenuation –like g(E)– scales with E4 due to
the resonant absorption of sound waves by those soft vi-
brations, but only at energies below the BP.
A theoretical model that investigates the frequency
regime accessible via IXS experiments, is the fluctuat-
ing elasticity theory (FET) that accounts for the disor-
der in terms of microscopic random spatial fluctuations
of the transverse elastic constant (shear modulus) of the
glass, with a certain degree of spatial correlation [43].
Importantly, FET quantitatively relates the BP position
to the broadness and correlation length of the elastic con-
stant distribution of the disordered matrix, factoring out
any density dependence. Hence, our observation of vi-
brational properties (v-DOS, sound attenuation, sound
dispersion) dependence on fictive temperature, combined
with the FET predictions, allows for ultimately estab-
lishing a connection between stability amount and cor-
relation of dynamical disorder of the glass. FET can
be solved for a gaussian distribution of elastic constants
with variance γ, correlated within a characteristic length-
scale ξ. The resulting BP, evaluated as detailed in SI, is
reported in the inset of Fig.2. Best agreement with ex-
perimental data is obtained for a disorder reduction from
γan = 0.477±0.005 to γpr = 0.451±0.007 and lengthscale
increase from ξan = 1.7 ± 0.1 nm to ξpr = 2.1 ± 0.1nm
going from the annealed to the pristine sample. The
blueshifted and less pronounced BP of pristine amber,
indicates therefore that vitrification obtained in lower re-
gions of the energy landscape (i.e. lower fictive temper-
atures) corresponds to a sharper and longer-range corre-
lated distribution of elastic constants (a less disordered
structure).
Importantly, the comparison of acoustic properties of
pristine and annealed amber provides a further bench-
mark for the correlation between fictive temperature and
dynamical disorder. FET predicts a tight correlation be-
tween the BP and hypersonic attenuation in the THz
regime for a given disorder distribution [19], in line with
different theoretical approaches such as the SPM [44],
and with experimental studies on glasses with different
fragility values, also indicating a correlation of the BP
strength with acoustic damping [45]. Accordingly, we
investigated collective excitations in the high frequency
(THz) regime by means of IXS at the beamline ID28 of
ESRF, determining the sound dispersion and attenuation
of the longitudinal density fluctuations.
A selection of the inelastic x-ray scattering spectra of
pristine amber for constant values of the exchanged mo-
mentum, Q, is shown in SI. The linewidth Γ(Q) of the
inelastic peaks, corresponding to the acoustic attenua-
tion, is reported in Fig.3. In both pristine and annealed
amber, Γ(Q) exhibits a similar power law dependence on
the acoustic energy E(Q) compatible with a quadratic
law. This behaviour is well documented in a number of
glassy systems and it is ascribable to the dominant role
of the structural disorder in the THz frequency regime
[46, 47].
Critically, FET predicts that larger width of the elastic
constants distribution result in larger attenuation. While
the dependency is maximum for frequencies at the onset
of the BP, and tends to vanish in the high frequency limit,
the trend still holds on the blue side of the BP [19, 43],
i.e. the region probed by IXS. Hence, our experimen-
tal observation of a slightly lower hypersonic damping
in pristine amber is a further important indication that
lower fictive temperatures correspond to less disordered
structures.
A third benchmark for the observed correlation be-
tween fictive temperature and elastic constants distribu-
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FIG. 3: The acoustic damping Γ(E) in the IXS frequency
range at room temperature for pristine (red open dots) and
annealed (black dots) amber. Dashed line is a power-2 steep-
ness as a guide for the eyes.
tion is provided by the sound velocity behaviour reported
in Fig.4a. The energy peak position E(Q) of the inelas-
tic peaks, of both pristine and annealed amber, exhibits
a dispersion which testifies the propagating nature of the
acoustic modes. The dispersion bends down reaching a
maximum for Q around half of Qp (5.8 nm
−1 for the
pristine, 6.1 nm−1 for the annealed amber), identifying a
pseudo-Brillouin zone. The apparent velocity E(Q)/Q is
reported in Fig.4b, along with the low-frequency sound
velocities (vpr = 2710 m/s and van = 2630 m/s) mea-
sured by Brillouin light scattering [29]. The observed
trend is in line with the recently reported experimental
correlation between sound velocity and Tf [48, 49]. The
longitudintal sound velocity value of pristine amber in
the IXS characteristic Q-region, c∞, exceeds the value
expected in the Q → 0 limit, c0, by nearly 5%. This
positive dispersion has been explained as a signature of
a relaxation processes related to the presence of micro-
scopic disorder, reported also in purely harmonic model
glasses [50]. Elastic constant disorder, indeed, is the lead-
ing mechanism of high frequency sound attenuation in
glasses and, in turn, it is the manifestation of relaxations
by the spontaneous density fluctuations occurring over
some characteristic timescale τ . When the frequency of
the acoustic wave ω(Q) = E/h¯ crosses the value τ−1,
the sound velocity increases by a few percents [50, 51]
with respect to the relaxed value c0. The mismatch be-
tween the Q→ 0 extrapolation of the dispersion relation
and the measured low-frequency sound velocity indicates
the presence of positive dispersion for the pristine amber.
This has to be contrasted with the behaviour of the an-
nealed glass, showing -over the same Q window- the same
sound velocity of its relaxed limit (Q → 0). Critically,
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FIG. 4: (a) Acoustic modes dispersion of pristine (red open
dots) and annealed (black dots) amber. Error bars from the
DHO fit are reported (see SI for further details). Solid lines
are the sinusoidal function best fitted the modes’ dispersions,
dashed lines are the derivative at Q → 0;(b) Apparent sound
velocity E
Q
dispersion for pristine (open dots) and annealed
(black dots) amber, together with the sinusoidal best fit func-
tions of panel a divided by Q (solid lines). The two arrows
indicate the velocities measured by Brillouin light scatter-
ing (red dashed arrow vpr=2710 m/s and black solid arrow
van = 2630 m/s) from Ref. [29]. The Q → 0 limit shows pos-
itive dispersion for the pristine, not for the annealed amber.
this observation implies that, in our experiment, the con-
dition τan <
1
ω(Q) < τpr holds. The larger relaxation
time of the pristine sample indicates longer living acous-
tic waves compared to the annealed sample; a further
indication of less disordered distribution of elastic con-
stants upon stabilization. In conclusion, we experimen-
tally assessed how the vibrational properties of a glass
undergo a sizable modification via natural hyperaging.
A significant redistribution of the vibrational density of
states, testified by a depletion, blue-shift and broadening
of the BP, accompanies the homogeneous densification
occurring during amber’s stabilization. The reported ef-
fects are different in nature from the BP alterations in-
duced by hydrostatic compression. The changes of the
vibrational density of states, here, are associated with a
modification of the acoustic excitations, which we ulti-
mately trace back to the dependence of the elastic disor-
der (width and correlation length of its distribution) on
the energy landscape level. Taken all together (Fig.5),
our findings reveal that a 9% lowering of the fictive tem-
perature upon stabilization correspond to a 6% ordering
of the elastic matrix and a 22% increase of its fluctuations
lengthscale.
5FIG. 5: Summary of structural and dynamical properties as
function of the position in the landscape which, in turn, re-
lates to Tf . Ageing-induced stabilization results in a density
increase, while Boson peak and sound attenuation are both
reduced. Correspondingly, the distribution of elastic disorder
gets narrower and longer range correlated.
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SUPPLEMENTARY INFORMATION
Sample preparation and annealing
The amber samples measured typically consist of ∼
10×10×2mm3 plates (masses ∼ 0.1–0.3 g) whose lateral
dimension matches the absorption length at ∼23 keV, i.e.
providing the ideal sample to maximize the IXS signal.
The pristine amber comes from the deposit of El Soplao,
in Cantabria Spain [1, 2] dated to be 110-112 million
years old and it corresponds to resin produced by the
extinct Cheirolepidiaceae (amber type B). The annealing
of the pristine sample is achieved by keeping the amber
at Tg + 10K (433K) for 3 hours and by cooling it to
room temperature at the standard rate of 10 K/min. The
thermal treatment is conducted in vacuum-sealed pyrex
ampoules in a 400 mbar N2 gas atmosphere.
DSC scan and fictive temperature determination
Calorimetric characterization of amber was performed
using DSC upscans. Heating and cooling rates employed
were always ± 10 K/min. The accuracy of temperature
control is estimated to be better than 0.1 K. The fictive
temperature, Tf , is defined as the temperature at which
the non-equilibrium (glass) state and its equilibrium (su-
percooled liquid) state would have the same structure
and properties, in particular the same enthalpy [3–5].
Accordingly, Tf ’s of pristine and annealed amber can
be obtained from the enthalpy curves obtained by direct
integration of the specific-heat curves. The starting point
for integration is T = 465 K, well above Tg = 423 K, and
the aging signal peaked at Tmax = 437 K. The fictive
temperature is obtained from the intersection of the ex-
trapolations of the liquid and the glass enthalpy curves,
see Fig. S6. The calculation of the extrapolations was
done using experimental data far from the glass transi-
tion, by means of quadratic polynomial fits, given the lin-
ear behavior of the specific-heat curves well in the liquid
and glass regions. Specifically, we used the temperature
ranges 458 K ≤T≤ 465 K and 320 K≤ T≤ 355 K for
the liquid and glass extrapolations. In Fig. S6 we can
observe that enthalpy curves for all samples regardless
of their thermal history collapse for temperatures above
450 K. The errors involved in the determination of Tf
are estimated to be 1 K due to statistical errors in the
extrapolations of glass and liquid enthalpy curves. The
lower Tf of pristine amber proves for the higher thermo-
dynamical stability.
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FIG. 6: Fictive temperature determination of pristine (red
dashed arrow) and annealed (black arrow) amber, following
ref.[6] , from the intersection of the glass and liquid enthalpy
curves.
Inelastic x-ray scattering with nuclear resonance
analysis
The IXS-NRA experiments were performed at the
beam line ID18 of ESRF with the storage ring working
in 16-bunch mode. A description of the technique can be
found in ref. [7].
The energy spectra of inelastic x-ray scattering were
collected over a range of -10 to 190 meV around the 57Fe
nuclear resonance energy of 14.4 keV with the energy
resolution of 0.70 meV. From the measured spectra, the
density of vibrational states was derived using a standard
double-Fourier transformation procedure [8] using as sin-
gle variable parameter an effective recoil energy. Initially
this parameter was estimated from the mean atomic mass
of amber and the mean scattering angle, and the final
value (19.6 meV) was determined from the best fit of the
specific heat calculated from the VDOS to the experi-
mental value. Non reduced vibrational density of states
and the fit of the experimental heat capacity to calcula-
tions based on it are presented in Fig. S7. Measurements
were performed in vacuum at a constant temperature of
T=30 K with a total integration time of about 800 min
per sample. The experimental data of pristine and an-
nealed amber can be overlapped by relative scaling of
both vertical and horizontal axes, as shown in Fig. S8.
Inelastic x-ray scattering
The IXS experiments were performed at the beam line
ID28 of ESRF. The frequency spectrum of the scattered
x-ray intensity which is proportional to the dynamic
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FIG. 7: (a) Vibrational density of states of annealed (black
dots) and pristine amber (red open dots); (b) Experimental
specific heat of pristine (red open dots) and annealed amber
(black dots) compared to the calculated value from the VDOS
(solid lines).
structure factor S(Q, h¯ω), is measured as function of the
exchanged momentum Q defined by the scattering an-
gle θ and by the wavevector of the incident photons ki
as Q = 2kisin(θ/2). The beam was focused down to
50 × 250µm2 and a 8-analysers bench was used. The
scattering intensity I(Q) shown in Fig. S9 is measured by
scanning the scattering angle at constant energy E = 0
and it is proportional to the static structure factor S(Q)
through the form factor f(Q). Different absolute intensity
of I(Q) of pristine and annealed amber can follow from
different sample position and small deviation of from the
elastic line of the detectors in the two measurements.
Energy scans were performed at constant Q values in the
range 1 to 7 ≈ nm−1, mapping more than half of the
pseudo Brillouin Zone (Q∼ 10 nm−1). The momentum
resolution of 0.25 nm−1 was determined by slits placed
in front of the analyzer. The scanned energy range was
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FIG. 8: Reduced DOS (BP)of pristine (red open dots) and
annealed amber (black dots) at 30K measured by IXS-NRA.
A vertical scaling of pristine data (expansion of 26% reported
with red dashed line) is not sufficient to overlap the two BP.
As emphasized in the inset, a shrinking of the pr-amber en-
ergy scale is also necessary. The experimental data of pristine
scaled vertically and horizontally are reported with red solid
line.
−30 ≤ h¯ω ≤ 30 meV, where h¯ω = E0−E is the energy
transfer, with E0 and E being the energy of the incident
(23.725 eV) and the scattered x-ray photons. Using the
(12 12 12) reflection for the Si monochromator and crys-
tal analyzers the overall energy resolution was 1.5 meV,
corresponding to the FWHM of instrumental function
(green dot line under the spectra in Fig. S9). Measure-
ments were performed at room temperature (T = 295
K).
The spectral intensity, S(Q,ω), is dominated by an
intense elastic peak on top of an inelastic Brillouin com-
ponent. The origin of the elastic and inelastic spectral
components in the high frequency regime probed by IXS
has been thoroughly discussed in the literature [9]. In a
nutshell, the scattering intensity is the Fourier transform
of the density autocorrelator, F (Q, t). The vibrational
dynamics in the glassy state is responsible for an oscilla-
tory component of F (Q, t) on the picosecond timescale,
which is damped in view of the non-plane wave nature
of the vibrational eigenmodes due to the disorder. This
oscillatory component corresponds to the broad Brillouin
doublet observed in the IXS spectrum. On a longer
timescale, F (Q, t) reaches a plateau, the non ergodic-
ity factor, representing the residual amount of decorrela-
tion due to the structural arrest characterizing the glassy
state. This plateau gives rise to the elastic component
in the S(Q,ω) [10, 11]. Accordingly, the spectra have
been analysed with a damped harmonic oscillator model
(DHO)[12] in order to extract the vibrational modes’ en-
ergy and attenuation jointly with a delta function to ac-
count for the elastic scattering. Both components were
convoluted with the instrumental resolution function and
corrected for the detailed balance condition.
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FIG. 9: IXS spectra at T=295 K for selected momentum
transfer Q. Left: data points (open dots) are fitted with
damped harmonic oscillator function (DHO-blue dashed line)
added to a delta function (green dot line) to account for inelas-
tic mode and elastic scattering, respectively, all convoluted
with instrumental resolution. Acoustic mode energy and at-
tenuation are obtained from the DHO parameters. The DHO
energy-parameter, corresponds to the position of current’s
ω2S(ω,Q) maxima. Right: longitudinal excitations (black
line), obtained by the raw IXS spectra after elastic compo-
nent subtraction. Blue dashed arrows are added to highlight
the peak position change with Q.
Scaling of the static structure factor
Diffraction data have been first intensity normalized to
the main peak. The densification caused by hydrostatic
compression is often achieved by changes of the interme-
diate range order signaled by a shift of the first diffraction
peak, linearly dependent on the density (for example in
tetrahedral glasses). In order to verify whether such lin-
earity also applies in the case of the 2% densification of
the pristine material achieved by natural ageing, we ap-
plied a 2% relative q-scaling. Clearly, this is not the case,
as the pristine-annealed difference is minimized with a
relative (best fitted) 0.75% x-axis scaling as shown in
Fig. 10.
Fluctuating elasticity theory
The fluctuating elasticity theory (FET) describes a
glass in terms of an elastic matrix characterized by ran-
dom spatial fluctuation of the elastic constants v2(r)
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FIG. 10: X-ray diffraction. Top: Data for pristine (red line)
and corresponding annealed amber (black line) are reported.
Bottom: Relative differences for various x-axis scaling factors
are shown.
(v(r) is a sound velocity), ∆(r), which are spatially cor-
related over a lenghtscale ξ:
v2(r) = v20 +∆(r) (1a)
〈∆(r + r0)∆(r0)〉 = C(r) = 〈∆
2〉e−r/ξ (1b)
Within FET, the vibrational density of states reads:
g(ω) =
2ω
pi
Im
[∫ (
dk
2pi
)3
1
−z2 + k2(v20 − Σ(z))
]
(2)
Σ(z) is the low q limit of the so called self energy, it
renormalizes v0 to match the experimental sound velocity
v2exp = v
2
0 − Re(Σ(z ≈ 0)), and can be evaluated in the
self consistent Born approximation (SCBA) as:
Σ(z) =
γ
2
v40
ϕd
∫
|k|<kD
(
dk
2pi
)3
k2C(k)
〈∆2〉
1
−z2 + k2(v20 − Σ(z))
(3)
where kD is the Debye wavevector, ϕd =∫
|k|<kD
(
dk
2pi
)3 C(k)
〈∆2〉 and γ = 〈∆
2〉ϕd/v
4
0 is the disor-
der parameter. The lineshape predicted by Eq.(2)
is fitted to the experimental v-DOS of pristine and
annealed samples in Fig. 2 of the main text, using
the corresponding experimental densities, ρ, and Debye
velocities [13]. The free parameters are γ and ξ for each
sample, and the debye wavevectors with a constrain on
their ratio, imposed by their relative densities in view
of the dependence kD ∝ ρ
1/3. The relative error on the
estimation of kD extracted from the 95% confidence
intervals is 1.9%.
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